A gas turbine cogeneration system using a coal fired atmospheric fluid bed (AFB) combustor represents an environmentally clean and less costly alternative to the oil or gas fired electric power generators, process steam boilers and process heaters that are necessary for the operations of both small and large industrial energy users. This paper describes a cogeneration system which uses an air-to-gas heat exchanger tube assembly immersed in an AFB combustor to indirectly heat the compressor airflow from a gas turbine. This AFB combustor replaces the conventional direct fired oil or gas combustor. The flue gas from the AFB is used to produce steam and the waste energy from the gas turbine exhaust is used to provide additional steam or clean hot process air. By appropriate selection of components, AFB cogeneration systems can provide electricalto-thermal ratios of 30 to 150 kilowatts per 1000 pounds of steam for a range of applications.
INTRODUCTION
Cogeneration involves the production of both electricity and useful heat from an integrated system, Although it was used extensively in the U.S. in the early 1900's, electricity produced outside of the utilities declined to less than 5% by the 1970's. During the 1970's the rapid increase in both the petroleum fuel cost and the capital cost of new large generating facilities for utilities resulted in higher electricity costs. This, coupled with a rising industrial fuel cost made power and heat a significant part of many industries' operating costs. Thus, cogeneration and in particular coal fired systems, has received renewed corporate attention as a means to improve profit margins. Recently, the institutional barriers for cogenerators were essentially dissolved by the Public Utility Regulatory Act of 1979 (PURPA) which (a) provided exemptions for small cogenerators from the federal regulations for utilities, (b) required payment for excess electricity by utilities based on their avoided cost, and (c) required that standby power be provided by utilities at reasonable rates.
As in the case of cogeneration, fluidized bed combustion (FBC) technology is not a new concept. It has been used commercially in the fields of mining and metallurgy since the 1940's and more recently in chemical processing, heat treating, incineration and combustion systems with a variety of fuels. The marriage of the two proven technologies -cogeneration and fluid bed combustion offers a unique opportunity for production of environmentally clean, efficient and costcompetitive electric power, process heat and steam from the combustion of a wide range of coals.
The AFB gas turbine cogenerator fills a void that exists in the electrical-to-thermal (E/T) ratio range between the steam turbine cogenerator and the conventional gas turbine plus waste heat boiler system. This is shown in the Table 1 where E/T is specified in terms of kilowatts per thousand pounds of steam. In dimensionless terms (KW/KW), the E/T ratio for the gas turbine with an AFB combustor is 0.1 to 0.5. Figure 1 presents a simplified flow diagram of how a coal fired air cooled FBC is integrated into a gas turbine cogeneration system. Fluidizing air is provided by a forced draft fan. The air enters the FBC to provide for bed fluidization and coal combustion. The gas from the FBC exhausts through an airto-gas economizer to preheat the gas turbine's compressor discharge air prior to entering the in-bed heat exchanger. This high pressure air flows from the gas turbine's compressor discharge through the tubes in the preheater and the bed. This air extracts bed heat while maintaining the combustion gas at 1650°F (899°C) and Is returned to the turbine section at 1500°F (816°C). The clean hot air expands through the turbine section to provide the power to drive the compressor and the electric generator. The thermal energy in the turbine exhaust is then available directly as process air at nearly 900°F (482°C). The flue gas from the FBC at essentially atmospheric pressure flows through an ash recycle cyclone to remove the large particles of unreacted limestone and free carbon. This solid material is returned by gravity feed to the bed through the use of a trickle valve. The flue gas enters a waste heat recovery boiler to produce steam for additional electric power generation and/or process heat. Before entering the boiler, the flue gas also may be used to preheat the incoming fluidization air or be used directly as process heat.
SYSTEM ARRANGEMENTS
The basic process can be modified to address the power or thermal demand of a specific industrial plant. For instance, to match process heat demand, the direct heat from the clean air leaving the gas turbine could be used. To match process steam demand, a waste heat boiler would be incorporated in the air circuit leaving the gas turbine, as well as in the combustor discharge circuit. To maximize electric power, a back pressure or extraction steam turbine would be incorporated to drive another electric generator as shown in Figure 2 . Table 2 illustrates the system output variations available for these three demand cases when using the same gas turbine and fluidized bed combustor and the same coal and limestone feed rates. The coal used in the analysis has a higher heating value of 12,875 Btu/lb (29,946 KJ/Kg) (dry) and contains 3.5% sulfur. A coal feed rate of 8.7 tons per hour was supplied. The limestone feed rate was set to attain 90% sulfur capture efficiency.
Efficiencies of 70-80% can be expected for FBC cogeneration systems providing electricity and process steam and 85-90% for systems providing electricity and process heat. Efficiency is defined as net useful electrical and thermal output divided by fuel energy input.
The arrangement in Figure 1 illustrates one module. Replication of this module can provide the plant capacity in electric power and process heat for a range of industrial requirements. Larger gas turbine frames with higher airflow capacities can be used to increase the module capacity and reduce the number of modules if there are large power requirements. The modular approach also provides the redundancy often required by industries where (a) there are large changes in demand during the day or between seasons or (b) there is a need to maintain a minimum thermal output at all times to avoid damaging or fouling the industrial plant's process equipment.
PLANT DESIGN
The design features of the key components of the cycle shown in Figure 2 are discussed in the following paragraphs.
Combustion System
The design of the combustion process section is shown in Figure 3 . The combustor is a single wall cylindrical steel shell. The shell is lined with refractory brick work which is a self-supporting arch type design. The roof enclosure is a cone with a rectangular outlet for the combustion gas. The combustor vessel is installed above grade on a steel structure. The space below the vessel is provided to service vertical coal feed guns, the cooling air manifolds attached to the in-bed heat exchanger and the fluidizing air tuyere supply manifold.
An excess air level in the combustor is selected to insure that reducing conditions in the bed especially near coal feed ports are avoided. By providing a high oxygen activity level and using a corrosion resistant iron base alloy for the in-bed tubes, the potential for sulfidation attack on these tubes is minimized.
The bed height is selected based on (a) minimizing gas pressure drop and thereby, air blowing horsepower, (b) providing long residence time to insure high efficiency for combustion and sulfur capture, and (c) accommodating the necessary heat exchanger tube surface area within the bed in an arrangement which permits good fluidization and circulation. The freeboard height above the bed is provided as a disengagement section for particulate entrained in the upward flowing combustion gas.
Key design parameters for a typical FBC plant are presented in Table 3 . The other key components of the combustion process include the recycle cyclone and trickle valve, the ash cooler, and the pressurized air shell-and -tube preheater. The ash recycle system increases carbon efficiency and limestone utilization and provides a fine particle bed, increasing the heat transfer coefficient between the bed and the heat exchanger.
In-Bed Heat Exchanger Assembl
The in-bed heat exchanger tubes are used to control and maintain temperature at a constant 1650°F (899°C) and increase the air temperature supplied to the turbine to 1500°F (816°C). The heat exchanger tube arrangement is shown in Figure 3 . The 2-3/8 inch (60.3 mm) OD tubes are hairpin or inverted U-tubes connected from warm air inlet headers to hot air outlet headers. These headers are located below the fluidized air distributor plate. The vertical section of each heat exchanger tube contains an inner tube that forms an annulus to control the airflow velocity for optimum heat transfer.
The selection of vertical orientation for the heat exchanger tubes was made to preclude mechanical erosion. The tube spacing results in a cross-sectional area blockage of less than 10% of the bed area. This arrangement promotes good circulation of solids which enhances start-up and improves temperature uniformity.
The tubes are designed to operate at bed temperature. This provides an operational advantage for the air cooled cogenerator in intermediate load or cyclic duty requiring periodic shut downs such as on weekends. Upon cessation of plant demand, the bed can be slumped and the system shut down without the necessity of cooling the bed, as would be the case with steam tubes in the bed. Because the bed is a large thermal mass, its temperature will only decrease about 300°F (149°C) over a weekend. Consequently, rapid start-up to full design load is possible upon reinitiation of operation, since the bed is still above the coal auto-ignition temperature.
Coal/Limestone Feed System
The coal or limestone is fed from live bottom bins and flow rate controlled by a variable weigh belt feeder. The materials feed into a mixing hopper from which the coal/limestone mixture is discharged through a constant speed rotary feed valve into pneumatic distribution lines. The rotary valve serves as a seal between the positive pressure pneumatic conveying system and the hopper. Air for conveying is supplied by a blower and the coal/limestone mixture passes through flow splitters to supply the required number of feedpoint flow paths. The coal/limestone mixture is fed through injector guns into the bed at multiple locations above the fluidizing air tuyeres.
Ash System
Ash discharges from the combustor bed by gravity through a refractory lined pipe into a vertical pipe column. The ash is transported in this column by fluidizing air to an ash cooler. The discharge and transport arrangement also serves as a seal between the combustor and the ash cooler. The ash cooler comprises multiple beds in which the ash is further fluidized and cooled to 300°F (149°C) or less. Heat may be recovered from the ash by flowing boiler feed water through coils in the ash cooler.
The cooled ash now enters a second fluidizing column/seal system in which the heavier ash particles drop out and are discharged through an ash rotary seal valve. The ash is then pneumatically conveyed into an ash bin. The fluidizing air from the ash cooler flows through a cyclone separator where the bulk of the entrained particles is separated and discharged through a second ash rotary seal valve into the ash conveying system and ash bin. The air is finally discharged through the facility baghouse for removal of the remaining entrained fly ash.
Selection of a gas turbine with a moderate pressure ratio in the range of 7 to 8 provides higher reliability and costs less due to the reduced number of compressor stages, a lower starting power requirement, a simpler control system and avoidance of variable compressor geometry. Airflow capacity is selected as a function of the required electrical power. The gas turbine in most cases will operate at 200-500°F (93-260°C) lower turbine inlet temperature than it was originally designed for. The turbine working fluid will be clean air, lacking particulate and alkali metal contaminants. Therefore, turbine blade life can be expected to substantially exceed 100,000 hours.
Such gas turbines are commercially available with one basic modification. The natural gas or oil fired can or annular type combustor is removed and replaced with two tandem volutes within the same axial length. The front volute is used to remove the compressor discharge air before flowing to the in-bed heat exchanger and the rear volute is used to return heated clean air to the turbine stator inlet annulus. It is noteworthy that this mechanical design modification avoids any changes to engine length or main bearing locations. Consequently, the time consuming and costly development of a gas turbine for integration with the air cooled FBC system is not required. In fact, gas turbines designed for a regenerative cycle incorporate a similar mechanical arrangement for ducting the air and gas flows. 
Balance of Plant
The remainder of the equipment in the air cooled AFB gas turbine plant is conventional and commercially available. This category includes coal and limestone receiving, storage and preparation systems, ash disposal equipment, electric generator, clean air and flue gas waste heat boiler, feedwater heater, baghouse and stack.
Control System
Two basic control concepts can be applied to the plant because of its cogeneration feature. One method controls electrical generation and accepts the steam production for a selected kilowatt level. Kilowatt output (or turbine inlet temperature) is used as the parameter to control coal injection into the combustor In the second method, steam production is set with the resulting generated kilowatts accepted. With this second method, the steam demand is the controlling parameter for coal injection.
The air cooled AFB cogeneration system has the ability to provide rapid response to load change through a simple control system. At part load conditions, a portion of the compressor discharge air flow is diverted around the AFB and this relatively cool air is then mixed with the air flow leaving the in-bed heat exchanger. The mixed flow is at a reduced temperature entering the turbine, resulting in a decreased electric output. Simultaneously, coal flow to the AFB is reduced to compensate for the reduced cooling air flow to the in-bed heat exchanger. Consequently, the bed continues to operate at design point temperature, Since the air heater and ducting stores considerable compressed gas and thermal energy, the control system includes a compressed air blow-off valve to prevent overspeed of the turbine-generator set in the event of circuit breaker trip and loss of load.
PLANT PERFORMANCE
To illustrate a typical cogeneration system, a plant with an output of 24 MWe plus process steam and water is presented. The flow diagram of the plant is essentially the same as in Figure 3 except the steam turbine generator is omitted. To meet the steam demand, waste heat boilers are used in both exhaust streams. Process steam is generated at 250 psig (17.6 Kg/cm 2 ) saturated and process water at 290°F (143°C). Process water inlet is 60°F (16°C) and boiler feed water is at 150°F (66°C). Exhaust stack temperature from the FBC gas stream is maintained at 310°F (154°C) to minimize corrosion of the induced draft fan, baghouse and stack. Exhaust temperature in the turbine air stream is reduced to 118°F (48°C) by the process water heater to maximize cycle efficiency. Overall cycle efficiency based on the higher heating value of the coal is 80%. A mass and energy balance for this system is presented in Table 4 .
CI
The estimated part load performance of the plant is shown in Figure 4 . At 100% heat input, the combustor is operating at 100% design combustor flow and a maximum freeboard temperature of 1650°F (899°C). As the heat input is decreased at constant flow and bed temperature, electric power and process steam decreases at a slightly faster rate than the heat input. At half heat input, the maximum heat exchanger air bypass flow is reached and further reductions in power output are achieved by reducing both fluidizing airflow and bed temperature. At the minimum heat load of 33%, process steam is 12.5% of design value.
TECHNOLOGY STATUS
The air cooled FBC cogenerator design is based on the development by Curtiss-Wright of two fluidized bed combustion systems under the sponsorship of the U.S. Department of Energy. Over 20,000 hours of technology support testing during these programs have been completed. The fluidized bed design parameters were developed and demonstrated during the program for the anthracite culm fired atmospheric fluidized bed boiler prototype steam plant located in Shamokin, Pennsylvania. This plant shown in Figure 5 completed construction in the second half of 1981 and within its first operating year has successfully operated over 6000 hours.
The in-bed air heat exchanger technology was developed and demonstrated during the program for the high sulfur bituminous coal fired pressurized fluidized bed pilot electric plant. A PFB technology rig located at Wood-Ridge, New Jersey was operated for over 3000 hours with in-bed air heat exchanger tubes. The results of the testing (Reference 1) conducted at 1650°F (899°C) bed temperature showed that no erosion occurred in vertically oriented heat exchanger tubes of any material evaluated. Over 20 materials and coatings were also tested for their resistance to hot corrosion. The cobalt-base and iron-base alloys showed very little surface degradation, as shown in Table 5 . Based on these tests, type 310 stainless steel was chosen for the tubes for its excellent resistance to hot corrosion and its relatively low cost. Testing in the fluidized bed rigs also showed that combustion efficiency up to 99% can be achieved when using the ash recycle cyclone. Emissions levels for S02 and NO have been demonstrated at less than the limits established by federal regulations for coal fired plants. NO x production limited to less than 0.3 lbs/10 6 Btu can be achieved. Sulfur capture of 90% or better can be achieved with a calcium-to-sulfur mol ratio of less than 3. The particulate level emitting into the atmosphere is within the air quality standards when using conventional baghouse technology.
APPLICATIONS
There are nearly 400 industrial plants currently cogenerating with an estimated installed capacity of nearly 15,000 MW. Although plants of 50 MW or less generate about 25% of the installed capacity, they represent 80% of the installations. Major cogenerating industries making up most of the installations include paper, chemicals, primary metals, refining, food and wood. Over the next ten years the market for industrial cogenerators may total in the range of 17,000 to 27,000 MW (Reference 2) with almost 50% of the power generation units expected to be in the 5 to 25 MW range. Many plants will use the small size power generation units in multiple units so that redundancy for reliability and growth can be provided.
A significant advantage of the air cycle FBC cogenerator is that the wide range of plant demands which exist in the industrial market can be met. One example of this flexibility is the modular addition of components to provide different outputs as shown in Table 2 .
The flexibility of the system can be demonstrated by considering the range of electric-tQ-thermal energy ratios (E/T) which can be produced. A simple system generating 200 psig process steam from both the clean air and flue gas streams will have an E/T of approximately 45 KW/KPPH. By generating steam at a higher pressure and adding a back pressure turbine, the E/T rises to about 115. Similarly, by modifying the air preheater to extract more heat from the flue gas, an E/T of 70 is obtained. If this latter step is combined with raising high pressure steam and adding a steam turbine, the E/T can be raised to about 150. Any E/T ratio between the 45 and the 150 in the examples above can be achieved by proper design.
Further variation in E/T can be achieved by supplementary firing of the clean air stream with premium fuel combustion either prior to entering the turbine or the waste heat boiler. In the former case, the E/T is about 100. With waste heat boiler supplementary firing, the E/T is about 30. Significant variation in the E/T ratio can be achieved with appropriate selection of components.
The choice of supplementary firing can bring other advantages beyond matching E/T ratios. With supplementary firing of the waste heat boiler, frequent steam load swings can be managed while the FBC and gas turbine operate at steady-state conditions providing constant electric power output. Furthermore, supplementary firing of the gas turbine, with provision for full load operation on premium fuel, provides full electric and partial steam capability during maintenance of the coal handling system or the FBC.
Many major industries have plant demands in the E/T ratio which the air cycle serves. These industries include meat packing, malt beverages, food, paper, wood, textile, chemical, petroleum refinery, rubber, copper, and automotive (References 3 and 4). Significant applications also exist for the FBC air cycle in providing process heat other than steam. The cycle can produce hot clean air at temperatures up to 900°F (482°C) and flue gas at temperature up to 1500°F (816°C). Higher temperatures can be achieved by supplementary firing the exhaust streams. Examples of industries with significant process heat demand include glass, cement, textile, wood, petroleum, paper, primary metal, food, chemical, tire, pharmaceutical, detergent and housing material (References 5, 6 and 7).
CONCLUSIONS
The coal fired air cooled atmospheric fluidized bed combustor in combination with a clean air turbine system has considerable promise to serve a wide range of industrial cogeneration requirements. Plants with demands of process heat, process steam and electricity requiring medium to high electric-to-thermal ratios or direct process heat can benefit from the system since it offers high thermal efficiency, high turndown and environmentally clean operation in a cost-competitive installation using demonstrated technology. This fluidized bed combustion system has the fuel flexibility to operate on the conventional high sulfur high calorific value coals abundant in the eastern part of the country as well as coals with medium and low heating values typically abundant in coal exporting countries. 
